The number of instances of induced seismicity associated with hydraulic fracturing has increased over the last few years, resulting in the development of industry protocols to mitigate seismic hazard. The main focus of these protocols is "traffic-light" systems based on seismic monitoring, in which operations are modified if a specified "yellow-light" magnitude level is reached or ultimately are stopped at a "red-light" magnitude. A variety of operational changes is possible to mitigate the seismic hazard at the different traffic-light levels, including slowing injection rate or volume, skipping stages, or ultimately stopping or flowing back the well. Empirical evidence of induced-seismicity magnitudes, including microseismic-imaging projects in which no induced seismicity occurred, are inconclusive about the impact of changing volume or rate. Although the largest observed magnitudes occur at large injection volumes, significant variability in magnitudes is found for both injection rate and volume. Alternatively, a geomechanical simulation can examine pore-pressure diffusion and mechanical stresses and strains associated with hydraulic-fracture treatments and can be used to model fault activation and corresponding estimates of seismic magnitudes. These geomechanical models complement monitoring-based traffic-light systems and can be used to test various operational changes to identify a scenario that reduces seismic hazard.
Introduction
Over the past few years, reports of induced seismicity associated with hydraulic-fracture treatments of unconventional reservoirs have increased. Injection-induced seismicity can occur from various activities, including waste disposal and geothermal stimulations, but here the discussion will focus primarily on hydraulic-fracture stimulation of oil and gas wells. The known instances of fracturing-induced seismicity are isolated to several specific regions: Oklahoma, Blackpool (U. K.), Horn River Basin and Montney reservoirs (British Columbia, Canada) , the Duvernay play in Alberta, and the Utica play in Ohio.
Considering the widespread practice of hydraulic fracturing around the globe, these problem areas remain relatively isolated. For example, approximately 70 felt induced earthquakes occurred in the regions listed above, in comparison to more than 3,000,000 wells that have been treated. Indeed, in the Montney, it is estimated that only 0.15% of hydraulic stages resulted in a felt earthquake (British Columbia Oil and Gas Commission Report, 2014) , and so, even in relatively seismically active regions, the occurrence rate is low. The biggest event has continued to get larger and is now believed to be magnitude 4.4, with events occurring both in the Montney (British Columbia Oil and Gas Commission Report, 2014) and in the Duvernay play in Alberta (AER, 2015a Typical of industrial instances of induced seismicity, various operational protocols have been developed for managing seismic hazard. These protocols can be broken down into three basic steps: assessment, monitoring, and mitigation. The mechanism of injection-induced seismicity is well established: Increased pore pressures reduce the effective (clamping) stress and hence the frictional resistance of critically stressed faults, triggering fault slip and the release of stored tectonic stresses. The first occurrence of induced seismicity often is unexpected, pointing toward the technical challenge of accurate assessment of the initial seismic hazard. Once an area is known to have seismicity concerns, assessment typically involves identifying potentially problematic faults and avoiding drilling in those areas. If a fault crosses a well, fracture stages sometimes are skipped near the fault in an attempt to reduce seismic hazard. Occasionally, however, seismicity occurs along previously unidentified faults.
Obviously, seismic monitoring is an important aspect of induced-seismicity investigations. Industry protocols typically are centered on a monitoring-based traffic-light system, in which operations are modified if a warning threshold is reached and ultimately are stopped if a red-light threshold is exceeded. Thresholds often are driven by magnitudes, although there are potential discrepancies between magnitude scales (for example, local magnitude versus moment magnitude). Magnitude variations also can be exacerbated by uncertain local site effects if temporary seismic networks are used.
In contrast to magnitudes, thresholds based on groundmotion levels have the advantage of being associated more directly with the tendency to be felt and with damage potential. Ground motion can be quantified directly from recorded seismic amplitudes, although a sparse monitoring network might underestimate peak ground motion. Alternatively, magnitude estimates of source strength can be used to quantify ground motion numerically. Nevertheless, the de facto traffic-light thresholds appear to be determined entirely by using seismic magnitudes.
If increased magnitudes are encountered, protocols dictate somehow modifying the fracturing operation to mitigate the seismic hazard, but how? Shut in the well and wait for some period of time? Flow the well back? Skip stages to potentially move farther from the fault, which we hope is illuminated by the monitoring? Lower the injection rate or volume? Ideally, these questions also should be considered when designing the initial injection plan, requiring a quantification of seismic hazard (i.e., ground motion) or potential (source strength or seismic magnitudes) with different scenarios.
In this article, we present some empirical data of observed magnitudes with different injection characteristics. More important, we also describe the use of quantitative geomechanical simulation to estimate the seismic potential and how these even shutting in) once induced seismicity is encountered because once the release of stored tectonic energy is triggered on a fault, the process will continue until some new quasistatic equilibrium is reached. There also are observations (in Basel, during hydraulic treatment for a geothermal project) of induced seismicity occurring a relatively long time after injection stopped, probably associated with diffusion of pore pressure into the critically stressed faults.
Quantitative geomechanical assessment
Often, induced-seismicity studies use simplistic flow simulators to predict the pressure changes associated with uniform radial flow. However, the simplistic models do not handle flow heterogeneities that typically are included in the relatively sophisticated petroleum-reservoir simulators used for reservoir management, which provide more accurate estimates of pressure changes associated with fluid injection and extraction. For induced-seismicity investigations, however, the geomechanical response of the system to pressure changes is also important. Injection pressure is particularly important during hydraulic fracturing because the fracturing pressures are intended to dilate fractures and thereby enhance the permeability. Fault-mechanics aspects are also important, controlling the deformation characteristics of the fault and ultimately the slip associated with the seismic source. Therefore, proper assessment of induced seismicity requires accurate flow simulation and associated geomechanical and fracture mechanics to investigate how the injection might lead to seismic sources.
In this study, a dynamic distinct-element method (Damjanac and Cundall, 2014 ) is used to assess the seismic hazard associated with hydraulic fracturing. The geomechanical model includes fluid flow through a discrete fracture network (DFN), and it also includes hydromechanical coupling such that the fracture dilation with pressure is handled intrinsically during the simulation. In addition to fracture dilation, the geomechanical deformation of the fractures can be assessed to determine fracture slip. Furthermore, the dynamic rupture of the fracture or fault can be assessed, enabling a direct prediction of seismicity, including the timing, location, magnitude, and source mechanism/moment tensor (Figure 2 ). In addition to hydraulicfracturing operations, geomechanical modeling can be applied to induced-seismicity investigations from any type of injection. However, in some cases, the model will need to consider matrix flow as well as flow through a DFN. methods can be used during the assessment/characterization, monitoring, and mitigation steps of operational protocols.
Empirical evidence of seismic potential from injection
Slowing down the hydraulic-fracture injection appears to be the most common approach to mitigation. In cases in which seismicity starts to occur, the hydraulic-fracture operation often is slowed by either dropping the injection rate or decreasing the total volume. Intuitively, slowing injection seems to be a good proactive approach to decreasing seismic potential and hence seismic hazard. Larger volumes tend to create larger regions of influence and hence a higher probability of encountering a fault.
McGarr (2014) presents empirical data showing a relation between the largest microseismic event and injection volume, suggesting that decreasing volumes would reduce the seismic potential. Alternatively, correlations between hydraulic and seismic energies (e.g., Maxwell, 2014) suggest that decreasing volume or rate would reduce seismic potential because the injection energy is proportional to the product of pressure and volume (product of rate and injection duration). Injection pressure is correlated directly to rate, so changing the rate potentially impacts injection energy and hence seismic energy. Nevertheless, the effectiveness of reducing seismic potential by slowing pumping remains unclear.
The extensive microseismic-imaging data sets acquired across the oil and gas industry for imaging hydraulic fractures offer potential insight into the impact of injection characteristics on seismic magnitude. Figure 1 shows a plot of magnitude versus volume and rate for different hydraulic-fracture monitoring projects, including induced-seismicity examples. Although the largest events do occur at large volumes, there is a significant range of magnitudes (−2 to +3) that occur at the largest injection volumes (thousands of cubic meters).
Correlation with rate is less clear, with large events (+3) occurring at both intermediate (8 m 3 /min) and high (15 m 3 / min) injection rates, at which small magnitudes (−2) also are found. Comparing volume and rate shows a significant correlation between these attributes, which is believed to be an operational reality that pumping a large volume tends to be done at high rate.
Based on these observations, there is not a clear trend for the impact of rate and volumes on seismic potential. Furthermore, there is an uncertain outcome of changing the injection rate (or 
Horn River Basin example
To demonstrate the application of a geomechanical model, we examined a published case of hydraulic-fracture-induced seismicity in the Horn River Basin (HRB) in northeastern British Columbia, Canada. Hydraulic fracturing has induced seismicity during certain operations in the area (British Columbia Oil and Gas Commission Report, 2012) . For example, Snelling and de Groot (2014) , describe a microseismic-monitoring project in the HRB with fault activation. A geomechanical model was created to examine hydraulic fracturing at different offsets from a fault (Figure 3) . The model included five perforation clusters and a DFN to simulate hydraulic-fracture growth in the vicinity of the fault (Figure 4) . Figures 5 and 6 show the pressure, fracture dilation, shearing, and estimated microseismicity for the three fault offsets. In the first case, the fault does not slip. However, in the second and third cases, the hydraulic-fracture network intersects the fault, causing the fault to slip. The modeling results show that the stress changes around the fracture network are not sufficient to induce fault slip (case 1), but once the pore pressure diffuses into the fault, slippage occurs (cases 2 and 3). Figure 7 shows a frequency-magnitude plot for the three cases, indicating larger estimated magnitudes with activation of the fault. In this example, the models have not been adjusted to match the microseismic monitoring, for example, by changing the DFN density and orientation, frictional characteristics, or principal stress magnitudes. However, the modeling is consistent with the elevated magnitudes along the fault in the Horn River Basin, demonstrating the utility of the technique to assess seismic potential.
Using geomechanical models to mitigate seismicity
Geomechanical models potentially could be used as part of traffic-light-system protocols to help identify potential problematic operations and as a decision tool to modify injections to mitigate seismic hazard. A new regulation in the Duvernay play in Alberta, Canada (AER, 2015b), prescribes that if seismicity more than magnitude 2 is encountered, the operating company "must implement its induced seismicity plan in a manner that eliminates or reduces further seismic events caused by or resulting from hydraulic fracturing operations." During hydraulic-fracture operations near a known fault, geomechanical modeling could examine the fault conditions and scenarios leading to fault slip. Even if the required stress and DFN characteristics are not well defined, sensitivity testing can be used to understand the conditions that might lead to seismicity, including a quantification of the associated expected seismic magnitudes. In a scenario in which a planned operation is identified as being potentially conducive to fault slip with large expected seismic magnitudes, alternate operation designs could be considered and tested. For example, the well could be moved farther away or the well orientation could be altered to have less direct impact on the fault. If the fault activation is limited to only a portion of the planned hydraulic fractures along a well, stages could be skipped over a certain interval of the well. Alternatively, changes to the planned injection could be examined to lessen the possibility of fault slippage. Such an evaluation ideally would sample the data space of the uncertain input parameters to define statistically the expected seismic magnitudes. Despite probable variability in the quantification of the absolute seismic potential resulting from uncertainties in local geomechanical conditions, probabilistic seismic-hazardassessment methods could be used to assess possible groundshaking levels for seismic risk.
When induced-seismicity issues are encountered, retrospective analysis of the conditions can be performed to investigate what happened. With sufficient characterization and monitoring data such as background seismicity, the geomechanical model could be calibrated more confidently through observations. Geomechanical modeling also could be used to investigate the impact of operational changes on a fault. The circumstances of skipping a portion of the well or slowing injection by decreasing rate or volume could be assessed. Evaluation of the relative seismic potential could be performed to identify operation scenarios that do not increase the fault-slip tendency further. Once a fault has been activated and induced seismicity is experienced, tectonic stress release could be triggered independent of the operations, but reducing the relative seismic potential will avoid aggravating the problem.
Conclusions
A coupled hydromechanical model can be used to simulate hydraulic-fracture growth through a discrete fracture network, examining the pore-pressure diffusion and associated fracture dilation and shearing. Based on the geomechanical modeling, the seismic activity can be estimated and used to compare with the actual seismicity monitored during the fracture treatment. The synthetic microseismic prediction includes location, timing, and magnitude of the activity and can be used to validate the geomechanical attributes and calibrate the model to match the field data. Applying such a microseismic geomechanics approach not only improves the interpretation of the microseismic image but also improves the understanding of the geomechanical response of the reservoir.
In this study, the impact of hydraulic fracturing on a preexisting fault in the Horn River Basin was examined to quantify seismic potential. Evaluation of the seismic potential then was used as input into seismic-hazard assessment. The geomechanical model of a hydraulic fracture and the associated seismic magnitudes simulated the impact of fracturing at different locations around the fault. The study indicated that the stimulated fracture network had to grow directly into the fault for the injection pressure front to trigger fault slip. Geomechanical assessment of absolute seismic potential can be used to modify the engineering design prior to operations to minimize the seismic hazard, including well placement, and to modify staging along the well to avoid fracturing in regions likely to lead to fault activation. In scenarios in which induced seismicity occurs during the treatment, the method also can be used to examine operational changes to lessen the relative seismic hazard. Beyond hydraulic-fracturing operations, geomechanical investigations can be made to quantify and potentially reduce seismic hazard during other injection operations, such as waste disposal and reservoir stimulation for geothermal projects.
